The vast majority of attempts to quit smoking cigarettes are unsuccessful. Negative affect (NA) is one of the primary factors contributing to smoking relapse, in part because it interferes with psychological processes that are essential for self-regulation and coping. Converging evidence suggests that NA may be less of a problem for smokers with high relative to low dispositional self-control, but very little is known about the mechanisms that underlie this effect. We used functional magnetic resonance imaging to address this issue by examining the associations between trait self-control, state levels of NA and patterns of brain activation in nicotine-deprived smokers (n ¼ 117) during the performance of a verbal n-back paradigm (a task requiring cognitive processes that support self-regulation). While the activation of several brain regions linked to executive control correlated positively and negatively with state NA and trait self-control, respectively, an interaction between these factors was identified in only one region: the ventromedial prefrontal cortex (vmPFC). We conclude that the functions supported by the vmPFC are an important source of variability in smokers self-regulatory functioning and propose that the region may contribute to the use of implicit forms of self-control under demanding circumstances.
INTRODUCTION
Successfully quitting smoking is a supremely challenging endeavor, and efforts to understand this sustained self-regulatory effort likely require a multidisciplinary approach integrating the perspectives of emotion, cognition and neuroscience. Such comprehensive methods may be particularly useful for characterizing the mechanisms through which cessation attempts are derailed by negative affect (NA), one of the primary factors contributing to smoking relapse (Kassel et al., 2003; Baker et al., 2004) . NA is thought to undermine attempts to quit smoking in part because it interferes with psychological processes that play a central role in behavioral regulation (Shiffman, 2005; McCarthy et al., 2010) . According to one prominent model (the selfregulatory strength model of self-control; Baumeister and Heatherton, 1996) , NA is problematic because it prompts emotion regulation, which in turn draws from a limited pool of domain-general resources supporting self-control.
1 That is, attempts to manage unpleasant emotions temporarily 'deplete' resources necessary for additional acts of self-control (e.g. managing craving), thereby increasing vulnerability to relapse. Broadly consistent with this view, research suggests that NA does not affect the probability that quitting smokers engage in coping during high-risk moments but does substantially reduce the effectiveness of coping at such times (Shiffman, 2005) .
The self-regulatory strength model holds that individuals vary widely in the capacity for self-control (Tangney et al., 2004) . From this perspective, some smokers are likely to be more successful at self-regulation in the face of strong NA than are others, an idea supported by research examining constructs related to self-control. Brown et al. have conducted a series of studies investigating individual differences in distress tolerance (the ability to tolerate NA and psychological/physical discomfort) as a risk factor for smoking relapse and a potential target for intervention (for review, see Brown et al., 2005 Brown et al., , 2008 . In conceptually related work, Brandon et al. have examined task persistence (the act of persisting in an effortful or unpleasant task) as a predictor of cessation outcomes (e.g. Brandon et al., 2003; Steinberg et al., 2012) . Collectively, these interrelated lines of research have demonstrated that individual differences in the ability to persevere at cognitive and behavioral tasks despite distress are strongly associated with the likelihood of success at quitting smoking. Distress tolerance and task persistencethemselves similar constructs (Brandon et al., 2007) overlap substantially with the core features of most theories of self-control, including the self-regulatory strength model. It therefore may be inferred that NA is less of an impediment for smokers with high relative to low levels of self-control. More generally, the findings are consistent with the idea that smokers with high selfcontrol are better able to regulate their behavior while experiencing unpleasant emotions because they have greater self-regulatory resources, compared to those with low self-control.
A fundamental question remains, howeverprecisely what are the putative resources that underlie such individual differences in selfregulatory ability? Recently, a small number of studies have addressed this question indirectly by attempting to link self-control depletion effects to physiological and neurobiological processes. Gailliot et al. (2007) observed that the depletion of self-control was associated with reductions in blood glucose levels. Using electroencephalography, Inzlicht and Gutsell (2007) linked depletion to an attenuation of the error-related negativity, a waveform associated with activation of the anterior cingulate cortex (ACC). Similarly, in a study employing functional magnetic resonance imaging (fMRI), Hedgcock et al. (2012) found that choice-related activation of the dorsolateral prefrontal cortex (dlPFC) was reduced following depletion. Finally, using fMRI, Wagner and Heatherton (2013) demonstrated that amygdala reactivity to negative emotional scenes was enhanced subsequent to the depletion of self-control resources and that the magnitude of this change was inversely related to trait self-control.
While these innovative studies have yielding promising results, much remains unknown about the neural mechanisms that underlie individuals differences in the ability to exert self-control under taxing conditions. The goal of this study was to address this issue, with a focus on characterizing the neurobiological substrates of individual differences in the ability to regulate behavior during elevated NA among smokers. More specifically, we used fMRI to investigate the associations between dispositional self-control, state NA and brain activity during effortful cognitive processing in moderate-to-heavy daily smokers following acute nicotine deprivation. For regular smokers, brief abstinence from nicotine results in significant increases in NA (Shiffman et al., 2006; Hughes, 2007) , with the magnitude of this effect varying across individuals (Piasecki et al., 2003; McClernon et al., 2008) . Participants were scanned while performing a verbal n-back task, and ideal paradigm for exploring the connections between self-control and NA for two reasons. First, the n-back requires use of working memory and attentional controlcore cognitive processes essential for higher order self-regulatory functions (Kane and Engle, 2002; Patterson et al., 2010; Hofmann et al., 2012) . Second, patterns of brain activation during the n-back are influenced by both task difficulty (Owen et al., 2005) and negative emotional states (e.g. Weerda et al., 2010) . When combined with fMRI, the n-back, therefore, offers a useful framework for investigating the brain mechanisms through which high self-control reduces the detrimental impact of NA on smokers' ability to utilize attention and working memory to support self-regulation, more broadly.
In sum, the overarching goal of this work was to provide a deeper understanding of what makes some smokers more successful at regulating their behavior in the face of NA than others. Toward this end, we sought to identify brain regions for which dispositional self-control influenced the relationship between state NA and activation during the n-back, with a particular interest in frontal cortical areas implicated in executive control and regulatory processing both broadly (Heatherton and Wagner, 2011; Mischel et al., 2011) and in the context of smoking, specifically (Curtin et al., 2006; Brody et al., 2007; Kober et al., 2010; Berkman et al., 2011; Nestor et al., 2011) . By including a large sample, this study provided a distinctively well-powered opportunity to identify such nuanced associations.
METHODS

Participants
Participants were drawn from two fMRI studies. Study 1 (Wilson et al., 2012) examined the effects of quitting motivation and smoking opportunity on cue-elicited neural responses; the study included both males and females and smokers who were and who were not motivated to quit smoking. Study 2 examined neural responses associated with different strategies for coping with a smoking cue coupled with the opportunity to smoke; the study included male smokers who were motivated to quit smoking. For both studies, participants had to report smoking an average of 15-40 cigarettes per day for the past 24 months and had to be right-handed. All participants from Study 1 and Study 2 who completed relevant questionnaires and tasks were pooled to form the sample used herein. A total of 117 participants (77 from Study 1 and 40 from Study 2) were included in the present analyses (see Table 1 for sample characteristics). Informed consent was obtained, and procedures were approved by the local Institutional Review Board. Individuals were paid for their participation.
Self-control scale The Self-Control Scale (SCS) consists of 36 self-descriptive items (e.g. 'I have a hard time breaking bad habits') rated on five-point scale anchored by 1 ('Not at all like me') and 5 ('Very much like me') (Tangney et al., 2004) . Scores on the SCS have been found to correlate with various behaviors thought to require self-control (e.g. regulation of eating behavior; Tangney et al., 2004) . A total score indexing trait self-control was obtained by summing all 36 responses (minimum and maximum possible score of 36 and 180, respectively; higher scores indicate higher trait self-control).
Positive and negative affect schedule The Positive and Negative Affect Schedule (PANAS) consists of 10 adjectives describing positive affective states (e.g. excited) and 10 adjectives describing negative affective states (e.g. irritable), each rated along a five-point scale from 1 ('Very slightly or not at all') to 5 ('Extremely') (Watson et al., 1988) . The PANAS may be used to assess affect over various time frames by altering the instructions. To measure state affect, participants completed the PANAS with the following instructions: 'Indicate to what extent you feel this way at the present moment'. This study focused specifically on the NA subscale of the PANAS. A total score indexing state NA was calculated by summing ratings for the relevant adjectives (minimum and maximum possible score of 10 and 50, respectively; higher scores indicate stronger state NA).
Verbal n-back task The n-back task consisted of 36 s blocks, during which 12 randomly selected English letters were presented individually (500 ms stimulus duration and 2500 ms interstimulus interval). Participants performed two versions of the task that varied in working memory load: a version with minimal memory requirements (0-back), during which participants were instructed to press a button with their right index finger if a specific target (the letter 'X') appeared; and a version with comparatively high memory load (3-back), during which participants were instructed to press a button with their right index finger if the currently presented letter matched the letter presented three items previously. For the 3-back, participants were encouraged to rehearse the three most recently presented letters while continuously updating their list as each new letter appeared. For both the 0-back and 3-back, participants were instructed to push a button with their right middle finger for all non-target items. For both versions, the probability of an item being a target, new distracter or repeat distracter was 33%, 47% and 20%, respectively. Participants also were given 36 s rest periods (Rest) during which they were asked to relax and view a central fixation cross. Participants performed a single 288 s run consisting of the following sequence of blocks: 0-back, 3-back, Rest, 0-back, 3-back, Rest, 0-back, 3-back. Procedure Prior to the experiment, participants attended a separate baseline screening session that consisted of the completion of several tasks and questionnaires, including the SCS (for details, see Wilson et al., 2012 Wilson et al., , 2013 . They also provided a baseline carbon monoxide (CO) sample (BreathCo, Vitalograph, Lenexa, KS, USA). Participants were instructed to abstain from smoking and using any other nicotinecontaining products for at least 12 h before the experimental session. Upon arriving for the experimental visit, a second CO sample was collected to assess compliance with deprivation instructions. Participants had to have a CO level that was at least 50% lower than their baseline, a cutoff established based upon research using similar procedures (e.g. Sayette et al., 2008) . Participants then completed the PANAS and additional questionnaires. Next, participants were informed about whether or not they would be permitted to smoke during the study, rated their urge to smoke on a 0-100 scale and then were placed in the scanner. After the collection of anatomical images, participants completed the verbal n-back task. Subsequently, participants completed an fMRI-based cigarette cue exposure paradigm (see Wilson et al., 2012 Wilson et al., , 2013 , and then were debriefed and paid.
fMRI data acquisition and analysis Scanning was conducted using a 3-T Siemens Allegra magnet (Siemens Corporation, New York, NY, USA) equipped with a standard transmit/ receive head coil. Prior to functional scanning, an anatomical series was obtained using a T2-weighted pulse sequence (repetition time (TR) ¼ 6600 ms, echo time (TE) ¼ 73 ms, flip angle ¼ 1508, 3.125 Â 3.125 Â 3.0 mm voxels and 40 oblique axial slices). In addition, a high-resolution three-dimensional structural volume was collected using a magnetization prepared rapid acquisition gradient echo sequence (TR ¼ 1540 ms, TE ¼ 3.04 ms, flip angle ¼ 88, 1 Â 1 Â 1 mm voxels and 160 slices). Next, functional images were acquired in the same plane as the 40-slice anatomical series using a one-shot echoplanar imaging pulse sequence (TR ¼ 2000 ms, TE ¼ 25 ms, field of view (FOV) ¼ 20 cm, flip angle ¼ 798, 3.125 Â 3.125 Â 3.0 mm voxels).
Analysis of fMRI data was conducted using utilities from the following software pages: Analysis of Functional NeuroImages (AFNI, Version 2.6; Cox, 1996) , Automated Image Registration (AIR, Version 3.08; Woods et al., 1992 ), FMRIB's Software Library (FSL, Release 4.1; Smith et al., 2004) and the NeuroImaging Software Package (NIS 3.5; Laboratory for Clinical Cognitive Neuroscience, University of Pittsburgh and the Neuroscience of Cognitive Control Laboratory, Princeton University). Software integration and image format conversion was implemented using the Functional Imaging Software Widgets graphical computing environment (Fissell et al., 2003) . Before analysis, functional images were corrected for head motion and adjusted for drift within and between runs. Each participant's anatomical image was co-registered to a common reference anatomy using a six-parameter rigid-body automated registration algorithm and the transformation matrix generated during this step then was applied to the corresponding functional images. Subsequently, functional images were globally mean normalized and smoothed using a three-dimensional Gaussian filter (8-mm full width at half maximum). Group-based statistical maps were transformed into Montreal Neurological Institute (MNI) stereotaxic space for anatomical localization.
The primary aim of analysis was to examine the relationship between trait self-control, state NA and the degree to which brain activation changed with increasing demands during n-back task performance. fMRI data were analyzed using a random effects general linear model (GLM) implemented on a voxel-wise (i.e. whole brain) basis. First, predictors for each n-back condition (i.e. 0-back and 3-back) were entered into a GLM to obtain parameter estimates for each participant. Next, contrast images (3-back minus 0-back) were generated for each participant. Finally, these contrast images were entered into a voxel-wise multiple regression to examine the associations between self-control, NA and task-related brain activation. The regression model included a total of six covariates: three dummy coded control variables [smoking expectancy condition (expecting to smoke during study; not expecting to smoke during study); sex (male, female) and motivational status (quitting-motivated, quitting-unmotivated)] and three covariates of interest [trait self-control (scores on SCS; mean-centered); state NA (scores on PANAS; mean-centered) and the trait self-control by state NA interaction (product of the meancentered trait self-control and state NA covariates)]. We were particularly interested in identifying regions for which trait self-control modulated the association between state NA and task-related brain activation (i.e. those for which the interaction of trait self-control and state negative was significant).
Monte Carlo simulations indicated that a combined per-voxel threshold of P < 0.005 and cluster-extent threshold of 41 or more contiguous voxels (i.e. 1201 mm 3 ) would yield a corrected map-wise false positive rate of P < 0.05. These parameters were applied to all statistical maps. We also examined the association between the primary factors of interest (i.e. trait self-control and state NA) and the smoking-related variables that were measured, including number of cigarettes smoked per day, level of nicotine dependence [as assessed using the Fagerstrom Test for Nicotine Dependence (FTND); Heatherton et al., 1991] and self-reported urge to smoke immediately preceding the scan session. State NA was positively correlated with level of nicotine dependence [r(117) ¼ 0.26, P ¼ 0.005] and pre-scan urge [r(117) ¼ 0.24, P ¼ 0.009]. All remaining associations were non-significant (P's > 0.1). [All fMRI results reported below remain significant when controlling for level of nicotine dependence (FTND scores) and prescan urge ratings. Results also remain significant when controlling for trait levels of NA.] N-back performance Response accuracy and reaction time data were collected during the n-back. To quantify participants' ability to distinguish targets from non-targets, accuracy was converted to the signal detection metric d-prime (d'). Performance was above chance for both the 0-back and 3-back conditions (P's < 0.001). As expected, participants performed better (as indexed by d') in the 0-back condition (mean ¼ 3.76, s.d. ¼ 0.92) than in the 3-back condition (mean ¼ 2.00, s.d. ¼ 1.17), t(116) ¼ 13.79, P < 0.001. In addition, participants responded more quickly in the 0-back condition (mean ¼ 670.65 ms, s.d. ¼ 198.53) than in the 3-back condition (mean ¼ 840.15 ms, s.d. ¼ 208.12), t(116) ¼ 12.27, P < 0.001. There was a marginally significant negative correlation between state NA and 3-back d' scores, r(117) ¼ À0.16, P ¼ 0.09. None of the remaining correlations between state NA, trait self-control and n-back performance was significant (P's > 0.1).
RESULTS
Levels
Self-control and negative affect SCAN (2014) Activation during N-back task Details regarding brain regions exhibiting a main effect of task load are presented elsewhere (Nichols et al., 2013) . Briefly, consistent with previous research using the n-back, activation during the 3-back condition was significantly greater than activation during the 0-back condition bilaterally in the dlPFC, premotor cortex and inferior parietal lobule, as well as in the dorsal ACC.
Neural correlates of trait self-control, state NA and their interaction Brain regions for which activation during the n-back task (3-back minus 0-back) was significantly associated with state NA (scores on the PANAS) are presented in Table 2 and depicted in Figure 1 . As shown, state NA was positively associated with activation in several regions, including the dorsal ACC and a large portion of the ventromedial prefrontal cortex (vmPFC) encompassing the subgenual ACC.
No negative correlations between state NA and activation during the n-back task were found. As presented in Table 3 and Figure 1 , a significant negative association between activation during the n-back task and trait self-control (scores on the SCS) was observed in numerous areas, including the dorsal ACC and bilateral middle frontal gyrus. No positive correlations between trait self-control and activation during the n-back task were found.
Our primary goal was to identify regions exhibiting activation associated with the interaction between trait self-control and state NA. We observed such an effect in a large region of the vmPFC including the subgenual ACC [MNI coordinates x ¼ 6, y ¼ 14, z ¼ À17; size ¼ 4078 mm 3 ; Brodmann's areas (BAs) 11 and 25; average F ratio ¼ 11.24]. As depicted in Figure 2A , this region subsumed the portion of the vmPFC for which activation during the n-back was positively associated with state NA. We probed the nature of the observed interaction by evaluating simple slopes at high (mean þ 1 s.d.) and low (mean -1 s.d.) levels of trait self-control, as plotted in Figure 2B . Among those with high self-control, there was a strong positive association between state NA and activation of the vmPFC during n-back task performance ( ¼ 0.77, P < 0.001). In contrast, among those with low self-control, state NA and activation of the vmPFC were not significantly related ( ¼ 0.01, P ¼ 0.90).
We also conducted follow-up analysis to determine whether activation of the vmPFC was related to n-back task performance. Specifically, we assessed the correlation between load-related changes in activation of the vmPFC (3-back minus 0-back) and load-related change in performance (i.e. 0-back d' score minus 3-back d' score; larger values indicate a greater decrease in performance as load increased). We found a significant negative correlation between vmPFC activation and change in n-back performance [r(117) ¼ À0.25, P ¼ 0.006]. Thus, greater increases in activation of the vmPFC from the 0-back to 3-back were associated with smaller load-related decreases in task performance. Stereotaxic coordinates are given for local maxima of activation cluster in MNI atlas space. g, gyrus; R, right hemisphere; vlPFC, ventrolateral prefrontal cortex. Table 3 Regions for which activation during the n-back task (3-back minus 0-back) was negatively associated with trait self-control Stereotaxic coordinates are given for local maxima of activation cluster in MNI atlas space. L, left hemisphere.
Self-control and negative affect SCAN (2014) 891
DISCUSSION We examined the associations between trait self-control, state NA and brain responses in nicotine-deprived smokers during the performance of a difficult task requiring the use of working memory and attention (core cognitive processes supporting self-regulation and coping). Our primary aim was to shed light on potential mechanisms through which high trait self-control reduces the impact of NA on regulatory functioning. Behaviorally, it has been shown that stable individual differences in self-control interact with state levels of NA. Our results link these behavioral observations to a neural regionthe vmPFCthat exhibits the same interaction pattern. More specifically, high, relative to low, dispositional self-control appears to be related to greater engagement of the processes supported by the vmPFC when it is necessary to perform an effortful cognitive task while simultaneously experiencing a high degree of NA. This interpretation is supported by the observation that there was a robust positive correlation between state NA and vmPFC activity in smokers with relatively high trait selfcontrol, whereas NA and vmPFC activity were not related for smokers with comparatively low trait self-control. Also of interest, greater activation of the vmPFC was associated with better performance as memory load increased, suggesting that the processes supported by the region facilitated the ability to meet the demands of the more challenging n-back condition. While efforts to develop a unifying theory of vmPFC function are ongoing (Roy et al., 2012) , it is clear that the vmPFC plays a key role in affect-related processing. Of particular relevance to this study, findings from several areas of research indicate that the set of interconnected regions that comprise the vmPFC are critical for emotion regulation (e.g. Delgado et al., 2006; Lane, 2008; Phillips et al., 2008) . Moreover, individual differences in the ability to regulate emotions are linked to variability in the structure (Milad et al., 2005) and function (e.g. Zald et al., 2002; van Reekum et al., 2007) of the vmPFC. For instance, van Reekum et al. (2007) observed a strong positive correlation between psychological well-being and the degree to which the vmPFC was activated by negative stimuli in a non-clinical sample of older adults, suggesting that the effective recruitment of the vmPFC in response to aversive events is associated with better mental health.
Recent evidence suggests that the vmPFC may be particularly important for automatic or implicit (rather than non-automatic or effortful) efforts to modulate affect (Lane, 2008; Phillips et al., 2008; Berkman and Lieberman, 2009; Etkin et al., 2010; Gyurak et al., 2011) . In this study, smokers were not instructed to try to change their emotional state. In addition, the demands associated with performing the n-back task presumably reduced the capacity to simultaneously engage in effortful forms of emotion regulation (i.e. attempts to regulate affect using non-automatic or explicit approaches would be expected to 'deplete' the resources necessary for performing a difficult cognitive task, and vice versa). Indeed, we did not observe a significant interaction between trait self-control and state NA in brain areas associated with non-automatic emotion regulation strategies (Ochsner and Gross, 2005; Phillips et al., 2008; Gyurak et al., 2011) . This pattern suggests that the benefits of greater self-control may not stem exclusively from having more non-automatic resources to divide between cognitive task performance and the explicit/effortful regulation of affect. Rather, one intriguing possibility is that, among those who were experiencing significant levels of NA, only smokers with relatively high self-control implemented automatic emotion regulation processes (resulting in a corresponding increase in vmPFC activation) while concurrently performing the n-back task. If so, the use of an implicit approach to emotion regulation by those with high self-control, mediated in part by the vmPFC, may have spared the use of explicit control resources, leaving more available for 3-back task performance.
As noted earlier, recent studies have linked the depletion of selfcontrol to changes in the activation of the dorsal ACC (Inzlicht and Gutsell, 2007) and dlPFC (Hedgcock et al., 2012) , regions strongly implicated in 'cold' cognitive control and, more recently, effortful forms of emotion regulation (Kane and Engle, 2002; Wilson et al., 2004; Ochsner and Gross, 2005) . Whereas we observed significant main effects of trait self-control and state NA in regions supporting executive functioning, including the dorsal ACC, our findings indicate that stable individual differences in the ability to utilize self-control under demanding circumstances are associated instead with the vmPFC. Interestingly, Wagner and Heatherton (2013) found that the depletion of self-control was related to a decrease in functional connectivity between the vmPFC and amygdala during the processing of emotional stimuli, suggesting that exhausting regulatory capacity may reduce the ability to use the processes supported by the vmPFC to regulate affective responses. Our findings point towards the possibility that, in addition to such state effects, the vmPFC may be an important locus for stable individual differences in the ability to regulate affect under challenging circumstances.
As noted, several regions exhibited a significant main effect of trait self-control or state NA, including multiple brain areas that reliably exhibit increases in activation during the n-back task (e.g. dorsal ACC/ supplementary motor area, lateral premotor cortex, inferior parietal cortex; Owen et al., 2005) . A clear pattern emerged across this set of regions. Specifically, trait self-control and state NA were negatively and positively associated with activation during the n-back task, respectively. Previous work indicates that brain activation during the n-back and related tasks increases concomitant with escalations in task demands or difficulty (Owen et al., 2005) , at least until capacity limitations are reached and/or the motivation to perform the task ceases (e.g. Jaeggi et al., 2003) . In other words, as the n-back becomes harder, activation rises in several task-related regions (e.g. the dlPFC) and vice versa. The observation of a positive correlation between state NA and task-related activation therefore suggests that smokers with higher levels of NA may have had to work harder to perform the n-back than those with lower levels of NA, in accord with prior work in non-clinical samples (e.g. Weerda et al., 2010) . In contrast, the negative correlation between trait self-control and activation in several regions supporting task performance indicates that, relative to those with fewer resources, smokers with greater dispositional self-regulatory capacity may have required less effort to successfully perform the task, a pattern that is consistent with previous research (Jaeggi et al., 2007) . However, given the complexity of load-effort-activation associations (Callicott et al., 1999; Jaeggi et al., 2003; Nichols et al., 2013) , future research is needed to determine precisely how state NA and trait self-control relate to subjective experience and accuracy during cognitive task performance.
It would be particularly useful to assess how these variables relate across a broader range of difficulty, as this study included only two memory load conditions. A second limitation of the study was that we did not assess participants' affective state during or immediately following the n-back task. Additional research using a finer-grained sampling of affective experience (e.g. by measuring facial expressions, a relatively continuous non-verbal index of affect; Sayette et al., 2003) , as well as work focusing on dynamic changes in neural activity as a function of emotion regulation, would be informative. A third limitation is that this study did not include direct manipulations of self-control depletion and NA. While it is likely that participants' self-regulatory resources were taxed by acute nicotine withdrawal (and, as noted, effects remained significant after controlling for relevant variables, including trait levels of NA), future research assessing behavioral performance and brain activation before and after laboratory-based manipulations designed to exhaust regulatory resources and/or increase NA is indicated. Similarly, although this study focused on NA and we attempted to control for other factors that may have contributed to observed effects (e.g. level of nicotine dependence), we cannot completely rule out the possibility that our findings were driven to some extent by related variables (e.g. other aspects of nicotine withdrawal). Finally, it is worth noting that the study included only moderate-to-heavy smokers who were nicotine-deprived. Whereas we believe that this an important population upon which to focus, future research including additional groups (e.g. non-deprived heavy smokers, light smokers and non-smokers) would be beneficial for determining the extent to which the present results were influenced by smoking status and associated factors.
In summary, we found that trait self-control and state NA exert robust influences on nicotine-deprived smokers' brain activation while performing a challenging cognitive task. Of particular interest, the current results suggest that the protective effects of high selfcontrol are related to the ability to utilize the processes supported by the vmPFC under demanding conditions, such as when it is necessary to perform a difficult task in the context of strong NA. Efforts to extend these findings will provide important data for understanding individual differences in relapse vulnerability among quitting smokers. Such research also may prove beneficial for refining interventions that focus on bolstering self-control through practice to facilitate smoking cessation and other forms of behavior change (Muraven, 2010; Friese et al., 2011) .
